Abstract-Remote sensing methods for the estimation of soil moisture yield direct information only for the topmost layers of soil. Reflected solar, thermal-infrared (IR), and microwave techniques are sensitive to the surface skin, from the surface to about 5 cm, and from the surface to about 10 cm, respectively. When the growth of vegetation is of major interest, soil moisture needs to be infrared at least to the depth of rooting of the plants. Since remote measurement of soil moisture is depth limited, it has been suggested that plant measurements, specifically plant temperatures, may yield information about soil moisture within the root zone. To examine this possibility, three plots of wheat, initially treated similarly, and later irrigated differently, were monitored for vegetation temperature (by infrazed thermometry) and for soil-water content (thrice weekly neutron moisture meter measurements). Vegetation temperatures were converted to a crop water stress index (CWSI). The CWSI was found to be a nonunique function of extractable water. The nonuniqueness was probably caused by inability to adequately specify the root zone and by the fact that plants require a recovery period (five to six days for this experiment) after being stressed before normal water uptake and transpiration proceeds.
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I. INTRODUCTION OIL, because of its porous nature, is a ubiquitous reservoir Sfor water. This reservoir supplies water to plants that, in turn, provide food and fiber for man. As evaporation, drainage, and uptake by plants remove water from the reservoir, that which remains becomes increasingly unavailable to plant roots. This causes the vegetation to be stressed, consequently growth is reduced. On the other hand, if the soil reservoir is full, any additional water added to the surface will run off, usually resulting in detrimental floods and erosion. Thus soil moisture information is of considerable importance, especially to hydrology and agriculture.
Classical methods for determining soil moisture, such as gravimetric sampling and neutron scattering techniques are essentially point measurements. They do, however, have the advantage of reaching well below the rooting depth of plants. A major disadvantage is that numerous samples are required to adequately characterize fields. Remote sensing techniques provide large area coverage, but are only sensitive to moisture in the top few centimeters of soil. The ability to infer soil moisture to root zone depths would greatly enhance remote sensing techniques.
Three regions of the electromagnetic spectrum, the reflected solar, the thermal-infrared, and microwave have been used to obtain soil moisture information, via remote sensing. In the Jackson [9] approached this problem by assuming that the soil water potential was at equilibrium, using a remotely sensed measure of the surface soil moisture, and calculating the soil moisture with depth using an independently derived U.S. Government work not protected by U.S. copyright relation between soil water potential and soil water content. The assumption of hydraulic equilibrium appears to be the weak point of the method.
Plants themselves are probably the best integrators of their aerial and soil environments. Idso and Ehrler [3] showed that the plant-canopy air temperature difference was related to the average soil moisture in the root zone. However, their results indicated that plant temperatures lost sensitivity to soil water content as the water content increased. Not all of the aerial and soil factors were considered in their analysis.
Jackson et al. [8] (1) when Rn is the net radiation (W m-2), G is the heat flux below the surface (W m-2), H is the sensible heat flux (W _ m-2) from the plant canopy to the air, XE is the latent heat flux to the air (W _ m-2), with X being the heat of vaporization. In their simplest forms, H and E can be expressed as H = pcP (TC TA )ra (2) and
where p is the density of air (kg m-3), CP the heat capacity of air (J kg-1 * C-1 ), TC the surface temperature (°C), TA the air temperature (°C), esc is the saturated vapor pressure (Pa) at Tc, eA the vapor pressure of the air (Pa), X the psychrometric constant (Pa C-'), ra the aerodynamic resistance (s m-'), and rc the canopy resistance (s * m 1) to vapor transport. The term rc is also dependent on soil and plant factors, which will be discussed further in the next section. A detailed discussion of procedures leading to (1) (4) reduces to TC -TA = raRn/pcp, which shows that, for daylight periods (Rn > 0), the canopy will be warmer than air. This is the upper limit as shown by the line labeled oo in Fig. 1 .
As can be seen in Fig. 1 , there is a range of canopy minus air temperatures that might be expected for any given vapor pressure deficit. Consider points A, B, and C in Fig. 1 [7] . The smoothing procedure allowed the interpolation of water contents for each day.
Not all water held in the soil reservoir can be taken up by plants. The traditional way to determine the amount of "available" water is to calculate the amount held at "field capacity" and subtract the amount held at the "wilting point" (as estimated by a laboratory measurement that determines the water remaining in the sample after being subjected to 1.5 MPa of air pressure). Ritchie [13] proposed that "extractable" water is a more precise measure of water availability to plants because the measurements are made in situ. This can be done by measuring the water content of a full soil profile (with an actively growing, fully developed crop) shortly after irrigation (taking drainage into account). This is called the drained upper limit (-field capacity). The lower limit is determined by withholding water from the crop, and, when the plants die, measure the profile water content. The extractable water is the difference between the two profile measurements. Ritchie [131 suggested that it be measured for each soil and for each crop.
The drained upper limit and the lower limit for the wheat plots were measured. The total extractable water to 1.1 m was obtained (0.175 m), and the fraction of extractable water used to that depth was calculated from the smoothed water content data.
V. RESULTS AND DISCUSSION
Measured data for the CWSI are shown in Fig. 2 . Lines are drawn through the points by eye. The data show the day-today change in CWSI in addition to the scatter that might be expected due to errors in measurements of canopy temperatures and wet-and dry-bulb air temperatures. The plus (+) symbols represent the fraction of extractable water used. As stated earlier, the measured water contents were smoothed and interpolated to yield daily values.
The fraction of extractable water used increased with time, dropping to a minimum following irrigation (zero would indicate a full profile). The CWSI also increased with time, being relatively parallel with the extractable water used. At first glance, it appears that a reasonably good relation exists between the two factors. However, it can be seen that the CWSI does not drop to its lowest value immediately after irrigation. Instead, the CWSI required 5-6 days to reach a minimum, im- plying that stressed wheat requires some time to recover. Some reasons for this are that leaves need to rehydrate and roots that were previously in dry soil need to develop new root hairs. The length of the recovery period depends largely upon the degree of stress the plants were subjected to, but it may also vary with plant species and age. A similar recovery period has been documented for cotton by Ehrler [2] , and for sorghum by Idso and Ehrler [3] .
The existence of a recovery period for the temperature-based index is evidence that a unique relationship does not exist between plant temperatures and soil moisture. This is further demonstrated by plots of the CWSI versus extractable water used, as shown in Figs. 3 and 4. For plots A and B, the circles represent data after the first irrigation (at planting). These data are rather similar for both plots, the CWSI increases in a linear manner with increasing amounts of extractable water used. The second irrigation was given plot B seven days prior to the one given to plot A, thus plot A was the most stressed of the three plots. This point is also evident in the greater recovery time required for plot A as seen in Figs. 2-4 . The wet test plot (Fig. 4) required nearly the same recovery time for the third irrigation (cross symbols) and the fourth (triangles) as did plots A and B (Fig. 2) . However, the second irrigation (circles) recovered in 1-2 days. This irrigation was given early in the season while the plants were actively growing and were not stressed. The fifth irrigation, given late in the season when much of the vegetation was senesced, showed no recovery period but also no decrease in the CWSI after irrigation.
The CWSI lines for each irrigation do not overlay the values for a prior irrigation, even after the plants have recovered. This is further evidence that the relation between CWSI and soil moisture is not unique. This results, in part, from changes in rooting volume with time due to plant growth and the location of available water. The complexity of the situation becomes evident when one considers that soil water availability is dependent on root distribution, which, in turn, is determined predominately by irrigation history [1] , and also by soil and aerial factors such as nutrient availability and evaporative de- At this point it does not appear feasible to estimate soil moisture from a one time plant temperature measurement because of the complicating plant factors. However, a multispectral approach might resolve this problem. For example, if microwave data indicated that the surface soil was wet, yet the CWSI was high, one could conclude that the vegetation was recovering from a stress. Multitemporal measurements in the reflected solar region could monitor the increase and decrease of green biomass as the growing season progresses. Temporal measurements in the thermal IR would allow the detection of the onset and the degree of stress. Inferences could then be made concerning the amount of extractable water left in the root zone.
Although exact relationships with soil moisture cannot be expected, plant temperatures contain useful qualitative information concerning soil moisture, and perhaps most importantly, they are responsive indicators of plant condition. As such, plant temperatures are useful in determining when to irrigate, and as inputs in yield models. mand. Since the precise rooting volume cannot be determined, exact correspondence of CWSI and extractable water cannot be expected. Another factor of importance that is evident in Fig. 4 OVER large regions of the earth, including the western 0 United States, the availability of water is of vital importance to man and his activities. Although moisture conditions at a specific location may be determined easily by an interested observer, the capability to integrate such information over regional scales is quite limited, due principally to the unavailability of observational data at the density and timeliness required. This weakness is especially noticeable for agricultural purposes, such as the estimation of crop production on a regional or national scale.
Figs. 1 and 2 from the Weekly Weather and Crop Bulletin [3] illustrate a recent estimate of surface hydrologic status at the national scale. In the analysis some 350 reporting locations provide weekly values of precipitation and mean air tempera- ture, which are processed in a relatively simple model [4] to yield the Palmer Drought Index as illustrated in the figures.
By division (3 600 000 square miles/350) a typical value in the figures corresponds to an area approximately 100 mi on a side, making the result highly susceptible to the vagaries of localized precipitation. Furthermore, the analysis procedure is free running, in the sense that actual field measurements concerning moisture status are not used. It is thus possible for results to diverge from reality if the data and/or the model develop a bias compared to actual conditions over the region in question.
Satellite observations represent a promising source of data for this type of assessment, being acquired frequently at a spatial density much higher than is feasible from any reasonable national scale ground data-collection system. In recent years the utility of satellite acquired visible and near-infrared data has been developed for the estimation of crop acreage [5] and, to a lesser extent, crop vigor and yield potential. This capability is of value in the estimation of global agricultural production as the product of (acreage) and (yield/acre) which exerts a dominant influence on the prices of agricultural commodities.
Thermal infrared data promises to contribute additional information because surface temperature (as may be inferred from satellite observations) is tightly coupled to surface moisture fluxes through the latent heat release of evaporation. This paper discusses the assessment of a data set from the Heat Capacity Mapping Mission (HCMM), illustrating the feasibility of differentiating irrigated from nonirrigated areas, and the possibility of obtaining reasonable estimates of evaporation rates. Such information may help to improve crop production U.S. Government work not protected by U.S. copyright
